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FOREWORD 

This  report  was  prepared  by  the  Polymer  Branch,  Nonmetal  lie 
Materials  Division.  The  work  was  initiated  under  Project  No.  2303, 
"Research  to  Define  the  Structure  Property  Relationships,"  Task  No. 
2303Q3,  Work  Unit  Directive  2303Q307,  "Structural  Resins."  It  was 
administered  under  the  direction  of  the  Materials  Laboratory,  Air  Force 
Wright  Aeronautical  Laboratories,  Air  Force  Systems  Command,  Wright- 
Patterson  Air  Force  Base,  Ohio,  with  Dr.  F.  E.  Arnold  as  the  AFWAL/ML 
Work  Unit  Scientist.  Co-authors  were  Dr.  T.  Helminiak,  Materials 
Laboratory  (AFWAL/MLBP);  and  Dr.  Wen-Fang  Hwang,  Dr.  D.  Wiff,  and  Mr. 
C.  Benner,  University  of  Dayton  Research  Institute. 

This  report  covers  research  conducted  from  January  1980  to  August 

1981. 
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SECTION  I 
INTRODUCTION 

This  report  contains  the  continuing  efforts  to  investigate  the  con¬ 
cept  of  using  a  rigid  rod-like  wholely  aromatic  heterocyclic  polymer 
(poly-para-phenylene  benzbisthiazole,  PBT)  to  reinforce  a  flexible  coil¬ 
like  aromatic  heterocyclic  polymer  (poly-2,5 (6)  benzimidazole,  ABPBI). 
The  intent  (Reference  1)  is  to  form  a  PBT/ABPBI  composite  on  the 
molecular  level,  analogous  to  advanced  chopped  fiber  composites  on  the 
macroscopic  level  with  similar  or  superior  properties. 


AB-PBI  PBT 


Previously  attempts  (References  2,3)  were  made  to  obtain  molecular  level 
composite  films  via  casting  and  precipitation  of  dilute  solutions  (1.5 
\nt%  polymers  concentration)  of  various  PBT/ABPBI  compositions  in  methane 
sulfonic  acid  (MSA).  Post-film  treatments  such  as  mechanical  stretching 
and  solvent  stretching  demonstrated  that  the  mechanical  properties  as 
well  as  the  film  morphology  could  be  significantly  altered. 

One  of  the  most  important  parameters  in  controlling  the  uniaxial 
modulus  and  ultimate  tensile  strength  in  the  fiber  composite  technology 
is  the  length  («,)  to  diameter  (d)  ratio,  aspect  ratio  (c),  of  the 
reinforcing  fiber.  Increasing  this  aspect  ratio  either  by'  increasing 
the  length  or  decreasing  the  diameter  of  the  fiber  can  increase  the 
modulus  of  the  composite  up  to  two  orders  of  magnitude  (Reference  4). 
Following  this  reasoning,  the  ultimate  reinforcing  fiber  would  be  a 
single  extended  rigid  rod-like  polymer  molecule.  This  is  the  basic  idea 
in  our  efforts  to  obtain  a  molecular  composite  by  dispersing  rigid  rod¬ 
like  molecules  in  a  continuous  matrix.  A  stretched  or  oriented 
PBT/ABPBI  molecular  composite  system  can  be  viewed  as  being  transversely 
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isotropic,  i.e.,  a  system  of  uniaxially  aligned  PBT  molecules  randomly 
positioned  in  an  ABPBI  matrix.  It  has  symmetry  properties  in  the  plane 
normal  to  that  of  the  aligned  direction.  For  such  a  system,  employment 
of  the  semiempirical  Halpin  -  Tsai  relationship  (Reference  4)  enables 
one  to  predict  the  uniaxial  modulus  of  the  composite,  En,  and  its 
dependence  on  the  aspect  ratio,  c=  2( £/d) ,  from  material  properties  of 
constituents.  This  relationship  is  given  by 

Ell/Eln  =  Cl  +  cn  vf)/(l  -  n  vf);  (1) 

where 

n  =  (VE*  -  1)  (Ef/E^  *  0~\  (2) 

Vi  is  the  volume  fraction,  Ei  the  modulus  of  the  constituents,  and  sub¬ 
scripts  f  and  m  refer  to  fiber  and  matrix,  respectively.  As  the  aspect 
ratio  becomes  large,  En  approaches  the  limiting  upper  bound: 


En=E  V.  E  V 
11  r  r  +  mm 


C3) 


Thus,  if  one  could  obtain  a  molecular  composite  of  nearly  perfectly 
aligned  PBT  molecules  dispersed  in  an  ABPBI  matrix,  the  above  rule  of 
mixtures  should  hold,  where  Ef  represents  the  ultimate  modulus  of  PBT 
molecules,  and  Em  the  modulus  of  matrix  polymer  at  that  particular  state 
of  orientation  when  fabricated. 

One  drawback  in  the  fabrication  process  is  that  these  high  temper¬ 
ature  polymers,  ABPBI  and  PBT,  are  highly  intractable  and  are  not  amen¬ 
able  to  melt  processing.*  However,  these  polymer  blends  can  be 
processed  from  a  common  solvent.  Thus,  the  solution  behavior, 
especially  the  phase  relationship  of  this  ternary  system,  becomes  one  of 
the  controlling  factors  in  the  actual  processing. 


•These  systems  do  not  show  Tm  or  Tg,  therefore,  do  not  amend  themselves 
to  standard  polymer  characterization. 
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In  a  recent  theory  by  Flory  (Reference  5),  the  statistical  thermo¬ 
dynamics  of  a  ternary  isodiametrical  solvent,  a  rigid  rod-like  polymer 
and  a  flexible  coil-like  polymer  system  was  considered.  The  theoretical 
treatment  was  restricted  to  "athermal"  mixtures,  i.e.,  systems  in  which 
interactions  between  polymers  and  solvent  molecules  were  ignored.  In 
the  present  study,  this  theory  was  applied  as  a  guide  for  determining, 
at  thermodynamic  equilibrium,  the  upper  critical  concentration  (iso¬ 
tropic  to  biphasic  transition)  above  which  regions  or  domains  of  solely 
rigid  rod  molecules  would  exist.  Liquid  crystalline  domains  have  the 
molecules  aligned  relative  to  the  axis  of  the  domain.  The  orientation 
of  the  molecules  within  a  domain  was  characterized  by  a  "disorientation 
factor,  y  (Reference  6),  (see  Figure  1,  in  Reference  6  for  definition). 
This  equilibrium  phase  segregation  behavior  was  attributed  to  the  pro¬ 
found  disparity  of  the  geometry  and  rigidity  of  the  two  polymer  compo¬ 
nents.  Experimental  evidences  for  such  a  ternary  solution  behavior  have 
been  rare.  One  recent  study  (Reference  7)  demonstrated  a  general  agree¬ 
ment  with  the  theory  (Reference  5). 

The  premise  of  the  present  investigation  was  that  an  understanding 
of  the  concentrated  solution  behavior  prior  to  processing  would  enable 
one  to  control  the  solution  morphology,  and  thus  the  processing  and  pro¬ 
perties  of  the  bulk  composite.  The  present  investigation  considers,  for 
the  first  time,  the  correlation  between  phase  relationship,  morphology, 
and  processing  of  a  pseudo*  ternary  solution-solvent/PBT/ABPBI  and  pro¬ 
perties  of  molecular  composites  prepared  from  these  solutions. 

In  the  first  part  of  this  report,  the  conformation  characteristics 
and  flexibility  of  the  ABPBI  chain  are  discussed  in  order  to  establish 
the  validity  of  the  assumed,  solvent/rigid  rod-like/flexible  coil -like, 
ternary  systems.  Conformation  analysis  of  a  model  compound  of  ABPBI, 
2,5' bi-benzimidazole,  was  carried  out  by  the  PCILO  method  (Reference  8). 


♦Mixed  97.5  vol%  methane  sulfonic  acid  (MSA)  with  2.5  vol%  chlorosul- 
fonic  acid  (CSA)  was  treated  as  a  single  solvent  compound  in  the  theo¬ 
retical  calculations. 
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Moments  of  the  end-to-end  vector  of  ABPBI  chains  which  reflect  how  per- 

r 

sistent  or  flexible  these  chains  are  in  the  direction  of  the  benzi¬ 
midazole  ring  axis  (x  direction)*  were  calculated  using  a  virtual  bond 
model  (Reference  9).  Secondly,  phase  relationship  of  this  ternary  sys¬ 
tem  as  a  function  of  concentration,  temperature,  and  molecular  weight 
of  the  rigid  rod-like  PBT  polymer  is  presented.  Quantitative  compar¬ 
ison  with  theory  (Reference  5)  is  made.  The  optimum  conditions  for 
processing  as  inferred  from  the  phase  relationship  study  are  demon¬ 
strated,  and  finally,  characterization  and  tensile  properties  of  bulk 
specimens  are  presented. 

Preliminary  results  of  this  report  were  presented  at  ACS  National 
Meeting,  Atlanta,  Georgia,  in  March  1981. 
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SECTION  II 
EXPERIMENTAL 

1.  MATERIALS 

Poly-2, 5(6)  benzimidazole  (ABPBI)  was  synthesized  by  Whittaker  Cor¬ 
poration  (Reference  10).  The  average  inherent  viscosity  measured  in 
sulfuric  acid  was  14  dl/g.  The  average  molecular  weight  measured  by  an 
end-capping  experiment  (Reference  10)  was  about  100,000  g/mole.  Poly- 
para-phenylenebenzbisthi azole  (PBT)  was  synthesized  by  Dr.  James  Wolfe 
of  Stanford  Research  International.  Two  PBT  polymers  with  inherent  vis¬ 
cosities  of  18,  and  31  dl/g  (measured  in  dilute  methanesulfonic  acid 
solution)  were  used  in  this  investigation.  The  weight-averaged  mole¬ 
cular  weights  of  the  two  PBT  polymers  were  estimated  to  be  30,300,  and 
41,000  g/mole,  respectively,  using  the  relationships  (Reference  11). 


U) 

M1'8 

n 


4,86  x  1020 


dH°.2 

1'8  r 
r 


(1 ,8  +  h  +  l-j 

‘ (h+l) 


derived  for  polymer  chains  in  the  rodlike  limit.  Here  the  numerical 
values  for  dH,  the  hydrodynamic  diameter  of  a  chain  element,  and  Ml  the 

O  O  1 

mass  per  unit  length  were  taken  as  7  A  and  22  A  throughout  the  calcu¬ 
lation  (Reference  11).  The  heterogeneity  factor,  h=(Mw/Mn)  -1),  was  as¬ 
sumed  to  be  2.  r  (x)  is  the  Gamma  function. 


Except  for  vacuum  drying  prior  to  solution  preparation,  both  ABPBI 
and  PBT  were  used  as  received  without  further  purification.  The  solvent 
used  was  a  mixed  solvent  consisting  of  97.5  vol%  methanesulfonic  acid 
(MSA)  and  2.5  vol%  chlorosulfonic  acid  (CSA).  Both  were  redistilled. 
The  CSA  was  added  primarily  fo  scavenge  water. 

2.  METHODS  AND  SAMPLE  PREPARATIONS 

Ternary  solutions  were  prepared  by  mixing  predetermined  weight  com¬ 
positions  of  PBT/ABPBI  in  the  solvent  system  on  a  magnetic  stirrer  at 
room  temperature  (22-25°C)  until  all  the  polymer  was  dissolved.  This 
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usually  took  about  a  week,  depending  upon  the  concentration  of  polymers. 
The  concentration  of  these  solutions  was  expressed  in  the  unit  of  weight 
percentage. 

The  critical  concentration  was  defined  as  the  maximum  concentration 
of  polymers  in  a  solution  at  which  it  was  still  optically  isotropic. 
This  was  determined  by  slowly  titrating  an  originally  biphasic,  stir 
opalescent  solution  of  known  concentration  with  solvent  until  a  point 
was  reached  at  which  the  solution  became  isotropic  and  stir-opalescence 
ceased.  Due  to  the  high  viscosity  of  the  solution,  the  solution  was 
stirred  for  at  least  three  days  between  titrations  to  ensure  a  complete 
dissolution. 

The  biphasic  (nematic  and  isotropic  phases)  to  isotropic  transition 
temperature,  Tn-i,  of  the  solution  was  determined  by  the  following 
procedure.  A  drop  of  the  concentrated  solution  was  pressed  between  a 
microscope  slide  and  a  thin  cover  glass.  It  was  heated  on  a  hot  stage 
at  a  heating  rate  of  2oc/min.  The  solution  was  observed  between  crossed 
polars  until  a  temperature  was  reached  at  which  liquid  crystalline 
domains  disappeared  and  the  viewing  area  of  the  microscope  resembled 
that  observed  for  an  isotropic  solution. 

Optical  microscopy  examination  of  the  phase  separation  behavior  was 
carried  out  by  sealing  a  thin  layer  of  the  solution  between  a  glass 
slide  and  a  cover  glass  sealed  with  paraffin  wax  to  prevent  moisture 
contamination. 

Bulk  composite  specimens  for  morphology  characterization  and 
mechanical  testing  were  prepared  in  film  and  fiber  forms.  The  film  was 
prepared  by  handshearing  a  drop  of  solution  at  or  below  its  critical 
concentration  point  between  glass  plates,  and  subsequently  quenched  in 
deionized  water  where  it  remained  over  night  to  allow  complete  leaching 
of  the  acid.  These  film  specimens  were  denoted  as  hand-sheared  quenched 
films  (HSQF).  Before  the  solution  completely  solidified,  some  of  the 
specimens  were  elongated  to  a  desired  length.  x Composite  fibers  were 
made  by  extruding  solution  through  a  single-hole  254  p  spinnerette  into 
a  quenching  bath  of  deionized  water  at  room  temperature.  The  partially 
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coagulated  solution  was  subsequently  drawn  between  two  rollers  on  a 
fiber  drawing  machine  and  wound  on  a  collecting  roll  immersed  in  a  water 
bath.  The  entire  roll  with  fiber  remained  in  water  for  24  hours.  The 
initial  draw  ratio  was  3.4.  Some  of  the  films  and  fibers  were  than 
neutralized  in  NH^OH  overnight  to  leach  out  all  the  residual  acids.  The 
neutralized  samples  were  further  washed  with  running  deionized  water. 
The  bulk  specimens  were  then  air  dried  at  ambient  conditions.  Heat 
treatments  of  composite  fibers  were  carried  out  by  passing  them  through 
an  oven  in  air  atmosphere  while  under  a  constant  strain  on  the  fiber 
drawing  machine.  The  residence  time  of  fiber  in  the  oven  was  30  sec. 
Pure  ABPBI  fibers  were  spun  and  heat  treated  in  the  similar  manner  as 
the  composite  fibers.  Single  filaments  were  centerline  mounted  on 
special  one  inch  gauge  length  paper  tabs  with  epoxy  glue.  Tensile  test¬ 
ings  were  carried  out  at  a  constant  strain  rate  of  0.02  min.-l.  The 
fiber  diameter  was  determined  by  an  optical  microscope. 

3.  INSTRUMENTS 

Morphology  characterizations  were  performed  by  standard  optical 
microscopy,  small-angle  light  (laser)  scattering,  scanning  electron 
microscopy,  and  wide-angle-x-ray  diffraction  techniques.  Instruments 
used  were  a  Bausch  &  Lomb  LI-2  polarizing  light  microscope,  Mettler  FP 
52  hot  stage  with  -20  to  300°C  temperature  range,  Spectra-physics  155 
He-Ne  laser,  ETEC  Autoscan  SEM  with  backscatter  detector,  and  Elliot  GX 
20  rotating  anode  x-ray  generator.  Tensile  testings  were  carried  out  on 
an  Instron  1102  tensile  tester. 
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SECTION  III 

RESULTS  AND  DISCUSSION 

1.  CONFORMATION  CHARACTERISTICS  AND  FLEXIBILITY  OF  THE  ABPBI  CHAIN 

Before  examining  the  phase  relationships  of  this  ternary  system,  it 
was  imperative  to  examine  the  conformation  characteristics  of  ABPBI  and 
PBT  molecules  in  solution  to  elucidate  the  origin  for  the  formation  of 
optically  anisotropic  liquid  crystalline  (LC)  phases  in  these  systems. 

The  PBT  molecules  when  dissolved  in  MSA  or  97.535  MSA/2.435  CSA  have 
been  shown  to  exhibit  an  extended  rigid  rod-like  conformation  (Reference  » 

12).  As  expected,  PBT  solutions  were  optically  anisotropic  at  C  >  CCr' 
and  they  formed  stable  nematic  LC  solution  indicative  of  a  high  degree 
of  order  (Reference  12). 

The  solution  behavior  of  ABPBI  was  first  examined  by  Delano  (Ref¬ 
erence  10)  and  coauthors.  They  showed,  with  exceptions  in  the  formic 
acid  and  in  a  mixed  formic  acid/m-cresol  solvent,  that  ABPBI  did  not 
form  a  liquid  crystalline  solution  from  any  other  solvent  investigated 
including  concentrated  sulfuric  acid.  The  observed  LC  behavior  (oc¬ 
curred  at  2  wt35  ABPBI  concentration)  may  be  understood  as  arising  from 
the  protonation  of  the  imidazole  ring  of  the  polymer  in  the  strong 
protonating  solvent  such  as  formic  acid  (FA).  A  considerable  number  of 
unsaturated  nitrogen  atoms  on  these  rings  react  with  FA  molecules  to 
produce  a  polyelectrolyte  in  solution  as  was  observed  for  FA  solutions 
of  poly  (2, 2,-4,4'-oxydiphenylene)-5,5'-bi 'benzimidazole)  (PBI)  (Refer-  ? 

ence  13).  A  considerable  uncoiling  of  the  polymer  chains  may  occur  due 
to  the  presence  of  the  charges  along  them  so  that  they  behave  more  as  * 

rod-like  chains  (References  13,14,15).  This  may  be  the  case  for  ABPBI 
in  FA  solution.  Similarly,  when  a  drop  of  an  originally  isotropic  ABPBI 
solution  (4.75  wt35  concentration  in  97.5  MSA/2.5  CSA),  sandwiched 
between  a  glass  slide  and  a  thin  cover  glass,  was  exposed  to  the  mois¬ 
ture  in  the  air  at  ambient  room  conditions  the  solution  became  greyish 
opaque.  Spherulites  having  diameters  of  50-200  microns  were  observed  as 
shown  in  Figure  la,  the  sign  of  birefringence  of  these  spherulites  was 
determined  to  be  negative  by  the  first  order  red-plate  method.  At 
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Figure  la.  Spherulites  of  4.75  wt%  Moisture  Contaminated  ABPBI 
Solution  in  97.5  MSA/2.5  CSA,  Crossed  Nicol. 
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larger  magnification  (Figure  lb),  a  radiating  fibrous  structure  can  be 
clearly  seen.  This  may  be  interpreted  that  the  water  molecules  caused  a 
drastic  increase  in  the  ionic  strength  of  MSA  which  in  turn  caused  the 
protonation  of  ABPBI  chains,  similar  to  that  occurring  in  FA  solution. 
The  uncoiled  polyionic  chain  complex  has  a  helical  rod-like  conformation 
which  aggregates  to  form  a  spherulite  with  the  helical  axis  oriented 
radially.  Detailed  analysis  of  the  orientation  of  the  ABPBI  crystal¬ 
lites  inside  a  spherulite  by  electron  diffraction  and  microscopy  tech¬ 
niques  is  currently  underway.  This  along  with  the  complete  ABPBI 
spherulite  study  will  be  the  subject  of  a  later  report. 

PCILO  conformational  calculations  have  been  made  on  a  model  com¬ 
pound  of  ABPBI,  2,5'  bi-benzimidazole.  The  input  geometry,  bond  length 
and  bond  angles,  was  taken  from  the  reported  (Reference  16)  x-ray 
crystal  structure  of  benzimidazole.  The  C2-C5'  bond  length  between  ben- 

O 

zimidazole  rings  was  taken  as  1.54  A.  Rotation  around  this  bond  shows 
the  two  extreme  planar  conformations  of  2,5'-bi-benzimidazole.  Through¬ 
out  the  calculation  no  geometry  optimization  was  carried  out.  The  re¬ 
sult  is  shown  in  Figure  2.  The  same  resultswere  obtained  for  a 


cis-form 

2,5  Bi -benzimidazole 


trans-form 
2,5  Bi- benzimidazole 


i 


* 


trimer  of  benzimidazole.  In  essence,  the  result  indicates  that  monomer 

r  * 

units  along  the  ABPBI  chain  is  essentially  oscillating  in  a  rather  broad 
(+  90°  with  respect  to  the  transconformation)  potential  well  of  3.5  kcal 
/mole  in  depth.  It  was  pointed  (References  9,17)  out  that  for  long 
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Figure  lb.  Radiating  Fibrous  Structure  of  ABPBI  Spherulites. 


RELATIVE  TOTAL  ENERGY  (Kcal/mole) 
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TORSIONAL' ANGLE,  ¥(°) 

Figure  2.  Third  Order  Total  Energies  of  2,5  Bi-Benzimidazole  as 
a  Function  of  the  Torsional  Angles,  <//,  Between  Benzi¬ 
midazole  Planes. 
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polymer  chains  these  torsional  oscillations  are  sufficient  to  make  the 
chain  coil.  Furthermore,  due  to  the  localized  nature  of  orbitals  in  the 
PCILO  method  which  sacrifice  the  delocalization  energy  term,  the  PCILO 
method  tends  to  overestimate  the  rotational  barrier  height.  In  view  of 
this,  we  will  assume  free  rotation  between  benzimidazole  planes  for  the 
following  calculation. 

> 

The  first  and  second  moments  of  the  end-to-end  vector  r,  of  ABPBI 
chain  is  considered.  These  moments  are  signified  as  indexes  of  the 
character  of  the  distribution  W(r)  of  r,  which  are  direct  measures  of 
the  polymer  chain  flexibility.  They  were  calculated  following  the 
statistical  scheme  and  convention  of  Flory  (Reference  187,  and  using 
the  geometrical  parameters  presented  by  a  virtual  bond  model  (Reference 
9).  The  geometrical  parameters  and  the  virtual  bond  model  of  the  ABPBI 
chain  is  schematically  represented  in  Figure  3.  These  geometry 
parameters,  Vs-j,  and  £j  (for  their  definitions  see  Figure  3)  were 
determined  from  the  reported  (Reference  16)  molecular  geometry  of 
benzimidazole,  and  were  held  fixed.  The  configuration  of  the  ABPBI 
chain  shown  in  Figure  3,  in  which  the  virtual  bonds  are  in  planar  zigzag 
array,  is  the  one  of  maximum  extension.  As  shown  in  Figure  2,  the 
torsional  potentials  affecting  are  symmetric  with  respect  to  the 
planar  conformations  at  tp-j  =  o  and  tt.  Hence,  <  sin  >  is  zero.  In  the 
limit  of  infinite  chain  lengths,  the  persistence  length  (first  moment  of 
r)  and  the  characteristic  ratio  (second  moment  of  r)  along  the  extended 
chain  direction  (X)  of  a  polymer  chain  were  shown  to  be  (Reference  9) 

<x0»>/i  =  u  +  Bv 
1  ~  a 

b/-*«  {(  1  +  a)  /  (I.'  -  a)  1/2  u  +  v  }2i 

where  a  =  cos  6  ,  g  =  sin  5  ,  u  =  cos  c  ,  v  =  sin  c  ,  and  b  the  length  of 
Kuhn  segment.  For  ABPBI,  a  =  0.866,  3  =  0.5,  y  =  0.954,  v  =  0.200.  The 
calculated  <  x  >/$,,  <  x  >  ,  b h  and  b  values  along  with  those 

CO  oo 

calculated  for  polyamides,  polyesters,  and  polyethylenes  are  summarized 
in  Table  1.  In  contrast  to  the  mesogenic  polyamides  and  polyesters,  an 
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Figure  3.  Schematic  Representation  of  ABPBI  Chain  of  Fully  Ex¬ 
tended  Configuration  by  a  Virtual  Bond  Model,  and  its 
Geometric  Parameters. 
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ABPBI  chain  possesses  rather  high  equilibrium  chain  flexibility  mostly 
due  the  large  inherent  chain  bending  (5  =  300)  along  the  chain  back¬ 

bone.  Thus,  it  is  unlikely  for  the  rather  long  (high  molecular  weight) 
chain  ABPBI  molecule  to  sustain  a  rod-like  conformation.  That  is,  un¬ 
less  there  are  strong  interactions  between  polymer  and  solvent  molecules 
as  discussed  previously. 

TABLE  1 


COMPARISON  OF  PARAMETERS  CHARACTERIZING  CHAIN  RIGIDITY 


AB-PBI 

POLYAMIDES3 

POLYESTERS3 

PEa 

<X°°>/£ 

8.2 

63 

115 

3.75 

<X°°> ,  A 

48.6 

410 

740 

5.75 

b/l 

14.9 

124 

225 

5.35 

b,A 

87.9 

803 

1450 

8.20 

a.  P.J. 

Flory  et  al . ,  Macromol . ,  1_3  484,  1980 

In  pure 

uncontaminated 

MSA  and  MSA/CSA 

mixed  solvents. 

no  liquid 

crystalline  or  spherulitic  morphology  was  observed.  Thus,  in  these  sol¬ 
vents  ABPBI  behaves  as  a  normal  flexible  coil-like  polymer. 

2.  PHASE  RELATIONSHIP  OF  SOLVENT/PBT/ ABPBI  TERNARY  SYSTEMS 

For  each  of  the  (97.5  MSA/2.5  CSA)/PBT/ABPBI  ternary  solutions  in¬ 
vestigated,  there  indeed  existed  a  critical  concentration  point  as  pre¬ 
dicted  from  Flory's  theory  (Reference  5).  For  all  the  solutions 
studied,  when  the  total  polymer  concentration  was  equal  to  or  less  than 
the  critical  concentration,  CCr>  the  solution  was  transparent  and 
optically  isotropic.  It  became  opaque  or  translucent  (depending  on  the 
solution  concentration)  and  exhibited  stir-opalescence  when  C  >  Ccr. 
These  solutions  were  biphasic  i.e.,  coexistence  of  optically  anisotropic 
LC  domains  within  an  isotropic  phase.  A  typical  example  is  shown  in 
Figure  4a  where  "islands"  of  colored  anisotropic  domains  (mostly  green, 
yellow  and  red  colors)  were  seen  to  be  dispersed  in  a  generally 
isotropic  dark  background.  Figure  4b  shows  the  influence  of  external 
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Figure  4a.  OM  of  a  Biphasic  Solution  of  4.475  wt%  20/80  PBT 

(IV=18)/ABPBI  in  97  MSA/2.5  CSA,  Showing  "Islands"  of 
Colored  Liquid  Crystalline  Domains  Dispersed  in  an 
Isotropic  Background.  Crossed  Nicol. 
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shear  (sheared  between  glass  slide  and  cover  glass)  bn  the  solution. 
The  anisotropic  domains  were  generally  elongated  along  the  shearing 
direction  (arrow  direction).  Examination  of  the  retardation  of  these 
domains  indicated  their  optical  axis  coincided  with  the  shearing 
direction.  It  also  indicated  that  molecules  (in  this  case,  the  PBT 
molecules)  inside  these  domains  were  oriented  preferentially  along  the 
domain  axis.  As  the  concentration  decreased,  the  size  of  liquid 
crystalline  domains  also  diminished  as  illustrated  in  Figure  4c.  This 
phase  separation  phenomenon  in  solution  was  observed  for  all  the 
PBT/ABPBI  polymer  blends  investigated.  Undisturbed  solutions  (Figure 
4a),  did  not  show  any  common  orientation  among  these  domains.  These 
demonstrated  the  nematic  liquid  crystalline  nature  of  these  domains. 

Quenched  films  prepared  from  biphasic  solution  were  macroscopically 
heterogeneous,  with  shiny  regions  seen  dispersed  in  a  generally 
transparent  background.  Figure  5  shows  an  optical  micrograph  of  such  an 
anisotropic  region  of  a  60/40  PBT/ABPBI  HSQF  film  prepared  from  4.44  wt% 
(>Ccr)  solution.  Thread-like  superstructures  were  seen  mingled  with 
isotropic  phases.  A  small-angle  light  scattering  (SALS)  study  of  this 
film  indicated  the  presence  of  a  rod-like  morphology.  As  shown  in 
Figure  6,  a  45°  Hv  SALS  pattern  was  observed  which  is  indicative  of 
individual  rod-like  molecules  aligned  preferentially  along  the  axis  of 
rod-like  superstructures,  which  in  turn  are  randomly  oriented  in  space 
(Reference  19).  The  angle  of  the  cross  is  less  than  45°.  This  may 
indicate  some  degree  of  common  orientation  between  these  superstructures 
due  to  shearing  (Reference  20).  The  45°  Hv  SALS  patterns  were  also 
observed  for  ternary  solutions  in  the  biphasic  concentration  range.  The 
OM  results  correlated  qualitatively  very  well  with  SALS  results. 

For  the  dilute  isotropic  solutions  (C  <  Ccr),  and  their 
corresponding  quenched  films,  none  of  the  morphological  features 
discussed  previously  were  observed. 

Experimentally  determined  critical  concentration  points  i.e.,  the 
onset  of  an  isotropic  to  biphasic  phase  transition,  and  the  corre¬ 
sponding  theoretically  calculated  values  are  summarized  in  Table  2.  They 
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Figure  4c.  OM  of  a  Biphasic  Solution  of  4.35  wt%  20/80  PBT 

(IV=18)/ABPBI  in  97.5  MSA/2.5  CSA.  Size  of  LC  domains 
is  smaller  than  that  in  (a). 
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Figure  5.  0M  of  the  Mostly  Anisotropic  Region  of  an  60/40  PBT 
(IV=18)/ABPBI  Hand-Sheared  Quenched  Film  (HS  F)  from 
Solution  with  C  >  Ccr»  Showing  Distinct  Rod-Like  Super¬ 
structures.  Crossed  Nicol. 


AFWAL- TR- 82- 4039 


21 


Figure  6.  SALS  Hv  Pattern  of  the  Optically  Anisotropic  Region  in 
a  60/40  PBT  (IV=18)/ABPBI  HSQF.  Sample  to  film  distance 
=  12.5  cm. 
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TABLE  2 

CRITICAL  CONCENTRATIONS*,  CCr,  OF  ABPBI/PBT 
BLENDS  IN  97.5  MSA/2.5  CSA  AT  ROOM  TEMPERATURE  22-25°C 


^COMPOSITION 

V\ABPBI/PBT 

(rA  f\ 

(g/da.  vcr  \ 

40/60 

60/40 

70/30 

80/20 

18(X2  =  300) 

3.00  (3.12) 

3.58  (3.42) 

4.05  (3.57) 

4.24  (3.75) 

31(X2  =  400) 

2.50  (2.33) 

2.78  (2.54) 

3.05  (2.78) 

3.35  (2.89) 

*The  experimental  values  are  in  units  of  wt£,  while  the  theoretical  values  > 

(in  the  parenthesis)  are  in  units  of  vol.^.  The  difference  between  these 
two  units  is  small.  The  density  of  the  mixed  solvent  is  1.4785  g/cm3, 
while  that  for  the  two  polymers  is  about  1.55  g/cm3. 

are  in  excellent  agreement  with  theory.  The  theoretical  values  were 
calculated  according  to  the  procedure  outlined  in  Reference  5.  The 
effective  axis  ratio,  or  aspect  ratio,-  X2,  for  the  two  PBT  polymers 
investigated  (IV's  18  and  31)  were  estimated  to  be  300,  and  400  from 

o  o 

monomer  unit  length  of  12.4  A  and  width  of  4.7  A,  and  polymer  molecular 
weight  of  30,300,  and  41,000g/mole.  The  effective  axis  ratio,  X3,  for 
the  flexible  ABPBI  molecules  was  taken  as  300.  A  more  reasonable  value 
would  be  lower  because  of  the  flexibility  of  the  ABPBT  chain. 

Experimental  results  indicated:  (i)  the  general  increase  in  Ccr  as  the 
PBT/ABPBI  ratio  decreased  and  (ii)  the  general  decrease  in  Ccr  as  the 
molecular  weight  of  PBT  increased.  A  typical  calculated  ternary  phase 
diagram  with  experimental  data  points  is  shown  in  Figure  7.  As  shown  in 
Table  2  and  Figure  7,  the  experimental  and  theoretical  results  were  in 

a 

excellent  agreement.  The  major  difference  between  the  two  was  that  the 
downward  slope  of  the  experimental  isotropic  bi nodal  curve  was  more 
drastic  than  theoretically  predicted. 

The  PBT/ABPBI  solutions  also  exhibited  thermotropic  behavior  i.e., 
and  originally  biphasic  solution  became  totally  isotropic  when  heated  to 
the  nematic-isotropic  (biphasic  to  isotropic)  transition  temperature, 

TN_r  The  temperature-concentration  phase  diagrams  for  40/60  and  60/40 
PBT/ABPBI  (IV=18  g/dl)  blends  are  illustrated  in  Figure  8.  They  exhibit 


22 


23 


Figure  7.  Calculated  Ternary  Phase  Diagram  with  Experimental  Data 
Points  for  Solvent/PBT  (IV=18,  X2  =  300)/ABPBI 
(X3  =  300)  System. 
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Figure  8.  Temperature-Concentration  Phase  Diagrams  for  60/40  and 
40/60  PBT  (IV=18)/ABPBI  Solutions. 
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the  same  behavior  as  would  be  expected  from  a  binary  system  containing 
only  rod-like  polymer  and  solvent  (Reference  21). 

A  typical  phase  segregation  behavior  in  a  ternary  system  with  C>Ccr 
predicted  from  Flory's  theory  is  illustrated  by  the  data  in  Table  3. 
The  calculated  V2/V3  ratio  in  the  isotropic  phase  decreases  sharply  as 
the  concentration  increases,  while  the  v37v2'  in  the  anisotropic  phase 
stays  negligibly  small  (10-4)  at  all  concentrations.  In  other  words, 
the  coil-like  molecules  are  totally  excluded  from  the  anisotropic  phase 
while  the  isotropic  phase  retains  a  nonnegligible  amount  of  rod-like 
molecules.  It  also  shows  the  dramatic  changes  in  the  phase  composition 
in  the  two  coexisting  phases.  A  slight  increase  in  concentration 
increases  the  total  percent  of  rods  in  the  anisotropic  phase 
drastically.  This  in  turn  increases  the  alignment  (a  decrease  in  the 
disorientation  factor  y)  of  rod-like  molecules  inside  the  domain  in  the 
anisotropic  phase.  This  accounts  for  the  drastic  increase  in  Tn-I'.  A 
quantitative  determination  of  the  composition  of  the  two  polymers  in  the 
two  phases  in  solution  would  be  very  difficult.  However,  a  quantified 
SALS  study  with  a  suitable  model  (References  20,22)  may  be  fruitful  for 
such  a  task. 

The  phase  separation  behavior  was  also  manifested  by  the  aggregate 
formation  seen  in  films  prepared  by  a  vacuum  casting  technique 
(Reference  2).  During  slow  evaporation  of  solvent  in  the  casting 
process,  the  concentration,  originally  an  isotropic  dilute  (2  vol  %) 
solution,  passed  through  its  critical  concentration  point;  and  as 
expected,  phase  separation  occurred.  A  typical  SEM  micrograph  of  the 
liquid  nitrogen  freeze-fractured  surface  of  a  cast  film  is  shown  in 
Figure  9.  The  aggregates  were  determined  to  be  rich  in  PBT  molecules  by 
using  the  backscatter  detector  of  the  SEM.  This  enhances  the  phase 
contrast  between  different  polymer  molecules  through  the  differences  in 
the  backscatter ing  coefficient  of  electrons  from  different  atoms.  The 
dramatic  enhancement  of  phase  contrast  of  the  backscattering  electron 
image  (BSEI)  over  the  normal  secondary  electron  image  (SEI)  of  the  SEM 
of  vacuum  cast  films  is  clearly  illustrated  in  Figures  10  and  11.  The 
SEI's  of  aggregates  of  cast  film  surfaces  can  barely  be  seen,  while  the 
corresponding  BSEI 1 s  are  drastically  enhanced  (compare  Figures  10a  and 
10b,  11a  and  lib).  Sulfur  atoms,  which  have  the  highest  backscattering 
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Figure  9.  SEI  (Secondary  Electron  Image)  of  the  Liquid  Nitrogen 
Freeze  Fracture  Surface  of  a  20/80  PBT  (IV=18)/ABPBI 
Vacuum  Cast  Film. 
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Figure  10a.  SEI  of  the  Film  Surface  of  a  20/80  PBT  (IV=18)/ 
ABPBI  Vacuum  Cast  Film. 
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Figure  10b.  BSEI  (Backscattering  Electron  Image)  of  (a). 
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Figure  11a.  SEI  of  the  Film  Surface  of  a  60/40  PBT  (IV=18)/ 
ABPBI  Vacuum  Cast  Film. 
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Figure  lib.  BSEI  of  (a).  Size  of  Aggregates  is  much  Larger  than 
that  shown  in  Figure  10. 
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coefficient  among  all  the  atoms  in  ABPBI  and  PBT,  are  only  present  in 
the  PBT  component  so  that  the  aggregates  as  evidenced  by  the  lighter 
domains  seen  in  Figures  10b  and  lib  are  composed  mostly  of  PBT.  Sharp 
boundaries  exist  between  aggregates  and  the  matrix.  This  is  evidenced 
by  the  many  holes  seen  throughout  the  matrix  where  aggregates  had 
previously  been  located  (Figure  9).  Similar  results  were  obtained  for 
10/90,  30/70,  and  40/60  PBT/ABPBI  vacuum  cast  films.  Generally,  the 
size  of  the  aggregates  increases  as  the  percent  composition  of  PBT  in¬ 
creased.  However,  even  at  high  PBT/ABPBI  ratio  (e.g.,  60/40),  phase 
inversion  did  not  occur  (Figure  lib).  That  is,  the  PBT  molecules  stayed 
in  the  dispersed  phase.  Considering  that  the  molecular  weight  of  ABPBI 
is  much  higher  than  PBT  and  the  solubility  of  ABPBI  (%  5.5  wt%)  in  the 
97.5  , MSA/2. 5  CSA  solvent  is  much  lower  than  that  of  PBT  (>  12  wt%),  one 
would  expect  the  formation  of  dispersed  ABPBI  domains  to  be  thermo¬ 
dynamically  more  favorable.  In  effect,  the  absence  of  this  phase 
inversion  phenomenon  in  the  present  polymer  blends  further  illustrates 
the  drastic  difference  in  mixing  behavior  between  the  flexible  coil-like 
ABPBI  and  the  rigid  rod-like  PBT  molecules.  The  ease  for  rigid  rod-like 
PBT  chains  to  align  side  by  side  thus  segregating  into  space-saving 
nematic  liquid  crystalline  domains  is  the  dominant  feature  in  these 
ternary  systems. 

The  above  observations  in  solution  and  in  the  aggregate  formation 
seemed  to  suggest  a  total  segregation  between  the  two  polymer 
components.  Preliminary  studies  (Reference  23)  in  our  laboratory  using 
the  electron  energy  loss  spectroscopy  (EELS),  x-ray  microanalysis,  and 
electron  diffraction  also  indicate  that  the  PBT  molecules  are  prefer¬ 
entially  located  inside  the  aggregates  and  are  highly  oriented. 

Generally,  the  above  results  confirmed  the  theoretical  predictions 
of  phase  segregation  and  high  orientation  of  rod-like  molecules  inside 
the  dispersed  segregated  domains.  At  first,  the  excellent  agreement 
between  our  experimental  results  and  the  predictions  using  Flory's 
"athermal"  lattice  theory  seemed  surprising  in  light  of  experimental  re¬ 
sults  indicating  strong  interactions  between  PBT  and  MSA  solvent  (Refer¬ 
ence  24).  This  and  the  other  possible  interactions  affect  the  enthalpy 
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of  mixing,  < A  Hm,  of  a  polymer  blend  in  the  mixing  relationship  AGm  =  AHm- 
TASm*  However,  in  contrast  to  the  usual  coil-like/coil-like  polymer 

blends,  its  magnitude  is  small  as  compared  to  the  drastic  change  in  ASm 
resultant  from  the  drastic  reduction  in  the  number  of  possible 

arrangements  of  polymer  segments  in  a  stiff  rod-like  chain  (References 
25,26).  such  as  PBT.  This  is  especially  so  for  long  (high  molecular 
weight)  rigid  rod-like  chains  in  a  ternary  system.  Thus,  phase 
relationships  of  (solvent/PBT/ABPBI)  ternary  systems  appears  to  be 
governed  predominantly  ,by  the  large  disparity  in  the  geometry  and 
rigidity  of  the  two  polymer  molecules  as  pointed  out  in  the  theory 

(Reference  5).  A  similar  conclusion  (the  dominance  of  entropic  effects) 
was  drawn  for  PBLG/PS  and  PHIC/PS  ternary  systems  (Reference  27). 

3.  MOLECULAR  COMPOSITE  OF  PBT/ABPBI 

The  phase  segregation  phenomenon  in  the  present  concentrated 

ternary  solution,  as  discussed  in  the  previous  section,  is  obviously  a 
detrimental  feature  in  achieving  our  objective  of  obtaining  a  molecular 
level  composite  of  PBT/ABPBI  through  solution  processing.  In 
retrospect,  we  feel  that  bulk  molecular  composites  must  be  processed 
from  ternary  solutions  at  or  lower  than  their  critical  concentration 
point  via  a  shearing  and/or  elongation  -  quenching  route.  Such  a 
process  offers  the  advantages  of  high  dispersion,  high  orientability  of 
rigid  rod-like  PBT  molecules  in  the  highly  viscous  medium  (ABPBI  + 
solvent),  and  more  flexibility  in  the  processing  than  the  vacuum  casting 
technique.  The  idea  is  to  freeze-in,  through  the  quenching  process,  the 
high  dispersity  of  rigid  rod-like  molecules  in  the  still -isotropic 
solution  as  it  is  being  extruded  from  the  spinnerette  or  die,  and 
subsequently  elongate  the  partially  coagulated  solution  to  achieve 
orientation.  Since  one  of  the  main  purposes  of  this  report  was  to 
demonstrate  the  feasibility  of  obtaining  a  molecular  level  composite  of 
PBT/ABPBI,  we  show  the  results  on  the  processing,  properties,  and 
characterization  of  a  (30/70)  PBT/ABPBI  composite  fiber  as  an 
illustrating  example.  Implications  from  it  will  certainly  hold  for 
other  bulk  forms  such  as  films. 
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The  solution  spinning  process  and  tensile  testing  method  were 
described  in  detail  in  the  experimental  section.  (30/70)  PBT  (IV  = 

31 )/ABPBI  composite  and  pure  ABPBI  fibers  were  processed  at  identical 

conditions  from  a  2.5  wt%  solution.  In  the  30/70  blend  case  this  is 

lower  than  its  critical  concentration.  The  average  diameters  for  as- 

spun  composite  fibers  and  pure  ABPBI  fibers  are  2.4  mil  (2.4  x  10-3 

inch)  and  1.5  mil,  respectively.  The  difference  in  the  measured 

diameter  can  be  attributed  to  the  fact  that  ABPBI  solution  (same 

concentration  as  that  of  the  30/70  blend)  is  less  viscous  than  the  30/70  * 

blend,  so  that  the  initial  draw-down  (by  gravity)  between  the 

spinnerette  and  the  first  water  bath  is  more  for  the  ABPBI  solution  than  * 

for  the  blend  solution. 

Results  of  uniaxial  tensile  testings  and  descriptions  of  these 
fibers  are  summarized  in  Table  4.  The  last  column  in  Table  4  represents 
the  back-calculated  uniaxial  Young's  modulus,  Ef,  for  PBT  from 
experimentally  determined  modulus  for  ABPBI  matrix  (Em)  and  30/70 
PBT/ABPBI  composite  (E^)  according  to  the  rule  of  mixture  i.e.,  Ef  = 

(Eii  -  vmEm)/vf.  The  best  experimentally  determined  (Reference  28) 
value  for  pure  PBT  fiber  to  date  was  42  million  psi  as  compared  to  our 
back-calculated  values  of  35-44  million  psi.  Thus,  from  the  mechanics 
of  composites  viewpoint  we  have  indeed  obtained,  at  least  in  the  cases 
of  NHT977  and  NHT1010,  a  composite  which  has  apparently  fully  utilized 
the  modulus  of  the  reinforcing  constituent.  This  conclusion  is  based  on 
the  validity  of  the  rule  of  mixtures.  The  calculations  are  based  on  the 
presumption  of  a  complete  dispersion  and  perfect  orientation  of 
individual  PBT  molecules,  having  respective  aspect  rations  (c)  of  600 
and  800.  However,  it  should  be  noted  here  that  in  the  event  of  phase 
separation  or  crystalline  formation  during  the  high  temperature  heat 
treatment  the  total  volume  fraction  of  the  individual  fully  extended  PBT 
molecules  would  decrease.  As  a  result,  the  effective  aspect  ratio  would 
be  less  and  thus  the  back-calculated  PBT  modulus  would  be  too  low.  The 
effect  of  the  aspect  ratio  of  the  PBT  phase  on  the  uniaxial  modulus  of 
the  (30/70)  PBT/ABPBI  is  illustrated  in  Figure  12  (see  Equations  1,  2, 
and  3).  As  shown  in  Figure  12,  in  order  for  the  uniaxial  modulus  of  the 
(30/70)  PBT/ABPBI  NHT1010  composite  fiber  to  reach  9895  of  its  upper 
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i  [  =  2  (^/d)] 


Figure  12.  Uniaxial  Modulus,  Ell  of  30/70  PBI  (IV=31)/ABPBI 

NHT1010  Composite  as  a  Function  of  Aspect  Ratio,  s. 
Ef  =  44  MSI,  Em  =  5.2  MSI. 
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bound  limit  value  (Eu  =  vyEf  +  VmEm).  the  aspect  ratio  of  the  PBT  phase 
has  to  be  at  least  100  U  =  200).  Furthermore,  as  shown  in  Table  4,  one 
can  easily  "tune"  the  composite  to  a  desired  set  of  properties  (modulus, 
strength,  elongation),  through  the  variations  in  the  solution  processing 
and  post-treatment  conditions.  Experimental  results  on  the 
characterization  of  the  observable  phase  structure,  if  any,  of  (30/70) 
PBT/ABPBI  fibers  by  SEM  and  WAXD  method,  are  presented  in  the  next 
section. 

Figure  13  shows  the  SEM  of  a  tensile  broken  (30/70)PBT/ABPBI 

NHT1010  fiber.  It  clearly  exhibits  an  extremely  fibrillar  morphology. 

./ K  , 

As  shown  in  Figure  14,  except  for  the  observed  surface  features, 
examinations  using  the  backscattering  detector  of  the  SEM  on  the 
internal  surface  of  a  split  virgin  30/70  PBT/ABPBI  NHT1010  fiber  did  not 
reveal  any  discernible  subsurface  structures  or  domains  as  those 
observed  in  Figures  10  and  11.  The  absence  of  a  second  phase  in  the  SEM 
of  PBI/ABPBI  composites  is  universal  among  all  the  bulk  specimens 
processed  from  ternary  solutions  at  C<Ccr.  It  should  be  noted  here  that 
the  domain  (or  phase)  resolution  of  the  SEM  in  the  backscattering  mode 
is  0.1  microns.  Thus,  these  SEM  results  only  indicate  that  the  size  of 

O 

the  second  phase,  if  present,  in  the  bulk  specimen  is  small  (<  1000A). 

The  elucidation  of  microphase  structures  of  composite  and  pure 
ABPBI  fibers  is  better  served  by  wide-angle  x-ray  diffraction  (WAXD) 
technique;  since  it  probes  the  molecular  level.  The  crystalline 
structure  of  pure  PBT  fiber  has  been  extensively  studied  (References 
29,30).  Both  WAXD  and  electron  diffraction  studies  on  specimen  showed 

o 

two  strong  equatorial  reflections  with  corresponding  d-spacings  of  5.9  A 

o 

and  3.5  A.  The  meridional  reflections  (00$,)  were  determined  to 

O 

correspond  to  a  fiber  repeat  unit  of  12.35  A.  The  WAXD  pattern  of  a 

ABPBI-NHTlOlO  fiber  is  shown  in  Figure  15.  It  shows  two  characteristic 

O  O 

equatorial  d-spacings  of  7.0  A  and  3.5  A.  The  meridional  reflections 

0 

(OOsi)  corresponds  to  a  fiber  repeat  distance  of  11.5  A,  which  relate  to 

the  length  of  two  monomer  units  of  an  ABPBI  chain  in  its  extended  chain 

conformation.  It  should  also  be  noted  that  the  ABPBI-NHTlOlO  fiber  has  a 
higher  crystalline  order  than  pure  PBT  fibers.  This  is  evidenced  by  the 
presence  of  higher-order  (hkl)  reflections  which  were  absent  in  pure  PBT 
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Figure  13.  SEI  of  a  Tensile 
NHT1010  Composite 


30/70  PBT  ( I V=31 )/ABPBI 


ber. 
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Figure  14b.  BSEI  of  (a). 
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Figure  15.  WAXD  of  ABPBI  NHT1010  Fiber  8  Filaments.  Norelco 
40kv  20  MA.  168  hrs  exposure. 
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WAXD  patterns.  Furthermore,  some  reflections  e.g.,  the  first  and  third 
meridional  reflections  are  split.  This  is  another  strong  indication  that 
in  contrast  to  PBT  molecules,  an  ABPBI  chain  does  not  have  a  straight 
rod  type  conformation  even  in  the  highly  elongated  state;  rather  it  has  a 
zig-zag  twisting  helical  coil-like  conformation  as  previously  indicated. 

In  the  as-spun  ABPBI  fiber,  the  first  strong  and  rather  diffuse 

O 

equatorial  reflection  has  a  corresponding  7.8  A  d-spacing  as  compared  to 
7.0  A  in  the  ABPBI-NHT1010  fiber.  In  the  as-spun  fiber  the  lattice  is 
swollen  by  residual  MSA  molecules,  so  that  it  has  a  larger  lateral  d- 

o  f. 

spacing  (7.8  A)  than  that  of  a  solvent-free  high  temperature  heat  treated 

o 

fiber.  As  a  rule  of  thumb,  this  spacing  varies  from  7.8A  in  the  as-spun 

o  o  f 

fiber,  7.4  A  in  the  neutralized  fiber,  to  7,0  A  in  the  high  temperature 
(9770F  and  1010OF)  heat  treated  fiber.  This  variation  is  also  reflected 
in  the  corresponding  30/70  PBT/ABPBI  composite  fibers.  The  WAXD  pattern 
of  an  as-spun  30/70  PBT/ABPBI  fiber  is  shown  in  Figure  16a.  Only  the 

o  o 

swollen  7.8  A  and  the  ever-present  3.5  A  d-spacings  characteristic  of 
pure  ABPBI  are  present  in  the  equator;  while  a  superposition  of  (00s.) 
reflections  corresponding  to  both  ABPBI  and  PBT  are  observed  along  the 
meridian.  As  shown  in  Figure  16b,  the  heat  treatment  did  bring  about 
microphase-separation  in  the  30/70  PBT/ABPBI  NHT1010  fiber.  A  possible 

O 

explanation  for  this  will  be  presented  below.  Both  the  7.0  A (ABPBI)  and 
6.0  A  (PBT)  d-spacings  are  observed  on  the  equator,  and  superposition  of 
(00 £ )  reflections  of  both  components  are  observed.  Both  phases  are 
highly  crystalline  and  oriented.  Higher-order  (hkl)  reflections  observed 
in  ABPBI-NHT1010  fiber  are  absent  in  this  30/70  PBT/ABPBI  NHT1010  fiber. 

In  summary,  the  above  WAXD  results  indicate  the  following:  (1)  The  v 

superposition  of  the  characteristic  PBT  meridional  (OOj,)  reflections  on 
the  characteristic  ABPBI  meridional  reflections  in  both  the  as-spun  and  p 

NHT1010  composite  fibers  indicates  that  rigid  rod-like  PBT  molecules  are 
highly  oriented  along  the  fiber  axis,  irrespective  of  lateral 
(positional)  order;  (2)  The  above  also  strongly  points  out  the  extremely 

o 

high  rigidity  possessed  by  PBT  molecules;  (3)  The  absence  of  the  6.0  A 
equatorial  d-spacing  characteristic  of  PBT  (see  Figure  16a)  in  the  as- 
spun  30/70  composite  fiber,  coupled  with  the  assurance  of  high  dispersity 
(one  can  argue  that  some  of  the  largest  PBT  molecules  may  have  already 
segregated  out  of  the  isotropic  solution)  indicate  that  the  PBT  molecules 
are  molecularly  dispersed  in  the  ABPBI  matrix;  (4)  The  presence  of  the 
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Figure  16a.  WAXD  of  As-Spun  30/70  PBT  (IV=31)/ABPBI  Composite 

Fiber,  8  Filaments.  Norelco  40k v  20MA,  168  hrs  exposure. 
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Figure  16b.  WAXD  of  30/70  PBT  ( I V=31 )/ABPBI  NHT1010  Composite  Fiber. 
8  Filaments,  Norelco  40kv  20MA,  168  hrs  exposure. 
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6.0  A  (PBT)  d-spacing  in  the  30/70  NHT977  and  NHT1010  composite  fibers 
indicates  the  possible  formation  of  PBT  crystallites.  This  indicates  the 
presence  of  domains  rich  in  PBT  molecules.  More  important,  the  presence 
of  this  may  simply  indicate  that  . the  crystalline  lattice  of  ABPBI  has 
been  altered  by  the  PBT  molecules;  (5)  In  light  of  the  dark  field  - 
electron  microscopy  results  for  pure  PBT,  the  size  of  the  above  mentioned 
PBT  crystallites  in  the  30/70  NHT1010  composite  fiber  would  be  very 

o  o 

small  e.g.,  60  to  80  A  in  width  and  300  to  400  A  in  length  for  pure  PBT 

o  o 

fibers;  (6)  The  observed  7.0  A  (ABPBI)  and  6.0  A  equatorial  peaks  in  the 
30/70  NHT1010  fiber  are  qualitatively  broader  than  that  in  the 
corresponding  pure  homopolymers  (compare  Figure  16b  and  Figure  15);  (7) 
The  observation  in  item  (6)  coupled  with  the  observed  absence  of  higher 
order  ABPBI  (hkl)  reflections  in  the  30/70  NHT1010  composite  fiber 
indicate  strong  (intimate)  mutual  disturbance  in  the  crystal! ilne  order 
between  PBT  and  ABPBI  crystallites;  (8)  The  heat  treatment  temperatures 
(9770F,  1010OF)  of  the  composite  fibers  were  very  far  from  the 
conceptual  Tm  (>1500°F)  of  both  ABPBI  and  PBT  homopolymers,  therefore, 
the  percentages  of  PBT  and  ABPBI  molecules  segregated  into  respective 
crystallites  would  be  expected  to  be  very  small. 

From  the  above  results  and  discussions,  we  can  safely  conclude  that 
the  as-spun  30/70  PBT/ABPBI  fiber  is  indeed  a  molecular  level  composite. 
It's  failure  to  fulfill  the  rule  of  mixtures  for  individual  modulus  is 
simply  reflected  from  the  lack  of  perfect  orientations  of  PBT  molecules 
along  the  fiber  axis.  In  the  cases  of  30/70  PBT/ABPBI,  NHT977  and 
NHT1010  fibers,  the  number  of  tiny  segregated  PBT  crystallites  with  very 
low  aspect  ratio  is  simply  too  small  (as  compared  to  those  individually 
dispersed  PBT  molecules)  to  affect  the  fulfillment  of  the  rule  of 
mixtures  for  their  uniaxial  modulus.  Further  morphological 
characterization  (using  small-angle  x-ray  scattering,  electron 
diffraction,  and  high  resolution  STEM  techniques),  and  quantitative 
analysis  of  orientation  and  crystall ine/amorphous  composition  (using 
microdensitometry  of  WAXD  patterns  and  birefrigence  measurements),  in 
relation  to  mechanical  properties  of  these  bulk  specimens  are  currently 
underway.  These  results  will  be  reported  later. 
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SECTION  IV 
CONCLUSIONS 

Agreement  between  theoretical  conformation  analysis,  chain 
statistics,  and  observed  solution  behavior  of  ABPBI  polymer  indicates  it 
has  a  high  equilibrium  chain  flexibility  to  assume  a  flexible  coil-like 
configuration  in  an  uncontaminated  97.5  MSA/215  CSA  or  MSA  solvent.  The 
solvent/rigid  rod-like  PBT/flexible  coil-like  ABPBI  ternary  systems  has  > 

been  established.  Excellent  agreement  between  the  experimentally 
observed  phase  behavior  of  these  ternary  systems  and  Flory's  theory  * 

strongly  indicates  the  dominance  of  entropic  effects  in  the  mixing 
behavior  of  PBT/ABPBI  in  a  common  solvent.  The  inevitability  of  phase 
segregation  between  PBT  and  ABPBI  in  ternary  solution  at  C  >  Ccr  is  a 
detrimental  feature  in  processing  these  mixtures  into  useful  products  at 
normal  room  conditions.  The  underlying  basis,  as  inferred  through  the 
establishment  and  understanding  of  the  phase  relationship  of  these 
ternary  systems,  for  the  actual  solution  processing  is  demonstrated. 

Results  from  WAXD  and  SEM  characterization  of  the  morphology,  and 
from  the  composite  micromechanics  analysis  on  the  uniaxial  modulus,  of 
the  composite  fiber  strongly  indicates  the  attainment  of  the  molecular 
level  composite  (or  very  close  to  it)  of  highly  dispersed,  oriented  PBT 
molecules  in  an  ABPBI  matrix. 

The  concept  of  a  molecular  composite  of  rigid  rod-like/flexible  4 

coil-like  polymer  blends  has  for  the  first  time  been  validated.  The 
results  of  this  investigation  have  obvious  implications  with  reference  to  *- 

the  solution  processing  of  other  similar  rigid  rod-like  flexible  coil¬ 
like  polymeric  blends  into  "molecular  composite",  either  in  fiber  or  film 
form. 
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